Chlamydiae are obligate intracellular pathogens that exhibit an extensive intracellular developmental cycle in vivo. Clinical treatment of chlamydial infection is typically initiated upon occurrence of symptomatology and is directed against an asynchronous population of different chlamydial developmental forms. Pharmacodynamics of antichlamydial drugs are predominantly characterized by MICs; however, in vitro determinations of MIC may not reflect differential susceptibilities of the developmental cycle. In this study, we correlated the antichlamydial effect of erythromycin, rifampin, doxycycline, and ciprofloxacin with the developmental stage of a fast-replicating and a slow-replicating chlamydial species. In addition, we describe the influence of concentration on killing. Extracellular elementary bodies and very-early-phase and late-phase chlamydiae were refractory to all tested antibiotics except rifampin, which was very effective against early-cycle chlamydiae. Rifampin was the most effective antibiotic overall, killed in a dose dependent matter, and exhibited moderate synergism with erythromycin. These considerations provide important information on chlamydial biology and antimicrobial susceptibility. A combinational therapy of rifampin and a macrolide should be considered in therapy-refractory infections.
Chlamydiae share a biphasic intracellular developmental cycle that is characterized by infectious and extracellularly viable elementary bodies (EBs) and the intracellular reticulate bodies (RBs). The latter replicate by binary fission within an intracytoplasmatic parasitophorous vacuole called "inclusion." The time kinetics of the developmental cycle are of great variance between different chlamydial species and range in vitro from as little as 36 h for Chlamydia trachomatis L2 to as much as 72 h for C. pneumoniae.
C. trachomatis is a major cause of ocular infections and sexually transmitted diseases resulting in serious sequelae such as trachoma, pelvic inflammatory disease, and tubal infertility (12, 14) . C. pneumoniae causes upper respiratory tract infections, and more than 10% of community-acquired pneumonias and can be isolated from inflamed vascular tissue (3, 9, 13) .
In order to prevent serious sequelae of chlamydial infections, successful antimicrobial treatment is of paramount importance, and treatment failures of chronic, long-lasting infections are of great concern (8, 12) . Therapy-refractory organisms rarely exhibit increased MICs in in vitro models (7) . These models usually determine antimicrobial activity against freshly inoculated cells (17) . Clinical therapy, however, is typically directed against an established symptomatic infection. This fact requires the consideration of possible differences in antibiotic susceptibility related to the developmental cycle. Therefore, we determined the antichlamydial activity of clinically relevant antimicrobials at different developmental stages of the organism. We established time-kill curves at therapeutically relevant concentrations in order to allow for a more differentiated view of chlamydial susceptibility in comparison to those obtained by conventional MICs. These results may improve the understanding of chlamydial therapy and biology.
in about 10 and Ͼ1,000 IFUs per high-power field in the antibiotic-free control. Infected cells were fixed with methanol after 24 h in C. trachomatis or 72 h in C. pneumoniae and stained with a genus-specific anti-lipopolysaccharide antibody, and inclusion-forming units were counted. The average of four replicates was calculated and expressed as a percentage of the untreated control; the variability of the replicates was below Ϯ33% of the arithmetic mean in all experiments. Susceptibility of elementary bodies was tested by adding the antibiotic to purified elementary bodies with a titer of 1,000 IFUs in a total volume of 10 l for the indicated time periods. In order to reduce the drug concentrations below the MIC for cultivation, elementary bodies were diluted in 1 ml medium, and the medium was replaced after centrifugation. IFUs were counted after 24 h (C. trachomatis) or 72 h (C. pneumoniae).
RESULTS
Chlamydial growth cycle. Fig. 1 reflects the differences in the growth cycle between the fast-replicating C. trachomatis L2 and the slow-replicating organism C. pneumoniae. Recoverable IFUs (Fig. 1A) dropped soon after infection, indicating transition of EBs into noninfectious RBs and the beginning of replication (Fig. 1B ). An increase of recoverable IFUs was associated with recondensation of RBs into EBs and started 24 h p.i. in C. trachomatis and 48 h p.i. in C. pneumoniae. The total length of the developmental cycle was about 36 h in C. trachomatis and 72 h in C. pneumoniae. The infectious burst of C. trachomatis exceeded that of C. pneumoniae by 50-fold. In summary, the chlamydial growth cycle can be morphologically divided into three phases. The early phase, starting at 0 h p.i., MIC testing. MICs for the fast-and slow-replicating chlamydial isolates differed not more than one dilutional step (Table 1). Rifampin was the most active drug, with a MIC three to five dilutional steps lower than that of erythromycin and doxycycline and six to seven dilutional steps lower than ciprofloxacin. Comparing MIC to antimicrobial concentrations in the human serum (approximately 8 g/ml for rifampin and 2 g/ml for ciprofloxacin, doxycycline, and erythromycin), serum levels were 1,600-to 3,200-fold higher than the MIC of rifampin, on August 28, 2017 by guest http://aac.asm.org/ 40-fold higher than that of doxycycline, 20-to 40-fold higher than that of erythromycin, and 4-to 8-fold higher than that of ciprofloxacin. Time-kill curves. Antibiotic treatment of EBs had little effect on infectivity. Only rifampin showed a slight reduction of 30% within 24 h (Fig. 2) . During early phase, rifampin showed the fastest killing (99.9% within 4 h) for both C. trachomatis and C. pneumoniae, followed by doxycycline and erythromycin (99.9% within 14 h to 16 h for C. trachomatis and 18 h to 23 h for C. pneumoniae). Ciprofloxacin had no effect during the first 15 h of the cycle; 23 h in C. trachomatis and 28 h in C. pneumoniae were required for a 99.9% reduction. Synergism was studied in C. trachomatis, and the combination of rifampin and erythromycin proved moderately synergistic on time-killing.
Mid-phase chlamydiae were highly susceptible to all antibiotics. Rifampin decreased recoverable IFUs by 99.9% within a 4-to 6-hour interval (16 h p.i. to 20 h p.i. for C. trachomatis and 33 h p.i. to 39 h p.i. for C. pneumoniae). Ciprofloxacin, erythromycin, and doxycycline required 12 h, 16 h, and 18 h, respectively, for killing of C. trachomatis and 24 h, 6 h, and 26 h, respectively, for killing of C. pneumoniae. Strong synergistic activity was noted for the combination of erythromycin plus doxycycline and moderate synergistic activity was observed for rifampin plus erythromycin in C. trachomatis.
Late-phase chlamydiae are refractory to antibiotics when applied later than 28 h p.i. in C. trachomatis and 54 h p.i. in C. pneumoniae. A 99.9% reduction was achieved by all antibiotics when drugs were added before 22 h p.i. in C. trachomatis and 40 h p.i. in C. pneumoniae. The combination of erythromycin plus doxycycline proved a moderate synergistic activity in C. trachomatis.
Concentration-dependent killing. The influence of increasing antimicrobial concentrations on killing was studied in C. trachomatis (Fig. 3) . Rifampin, erythromycin, and doxycycline showed a strong effect of concentrations between 0.5 g/ ml and 8 g/ml on time-killing during early phase (starting at 0 h p.i.). The effect of ciprofloxacin was less pronounced (data not shown). Therefore, ciprofloxacin was studied at mid phase (centering at 18 h p.i.), and chlamydiae were highly susceptible to increasing concentrations.
DISCUSSION
Treatment failures of chlamydial infections are still a matter of concern, despite the in vitro sensibility of the organisms by MIC testing (8, 12) . Persistent developmental forms have been described in vitro and associated with antimicrobial refractoriness (1, 6, 10) . Our model instead focuses on the active developmental cycle and studies differential susceptibility of its various developmental forms. This issue requires consideration, as clinical treatment is usually directed against a fully established infection and a mixture of multiple developmental forms. In the present in vitro model, we divided the cycle into three phases and the extracellular EBs and described the pharmacodynamic characteristics of the antimicrobials used most often by time-killing at various serum concentrations. Since chlamydiae differ in the length of the growth cycle, we compared a fast-replicating and a slow-replicating species.
We have demonstrated a reduced antimicrobial susceptibility in the extracellular phase and the very late and early states of the cycle. These phases can be correlated to the presence of elementary bodies that have been shown to have a reduced metabolism (2) . One remarkable exception is the immediate activity of rifampin against early stages of both C. trachomatis and C. pneumoniae. Especially the latter one was killed before the replicative phase commenced. Microarray analyses have identified the immediate-early genes of C. trachomatis (2), of which none was described to interact with rifampin. The RNA polymerases as a major target of rifampin may be present in early chlamydiae as a preformed protein, but the superior In mid phase, differences between the antibiotics were more distinct. By comparing the two species, killing was faster for ciprofloxacin in C. trachomatis and for erythromycin in C. pneumoniae. Rifampin was again most effective.
In late phase, all tested antibiotics act with the same kinetic. The time p.i. before drugs have to be applied in order to achieve sufficient killing corresponds to 60% of the cycle in fast-and slowreplicating species. Recondensation into EBs was associated with refractoriness to treatment. As antibiotics are classically divided into concentration-dependent and concentration-independent agents, we tested the influence of three physiologically relevant doses on killing of C. trachomatis. To our knowledge, this is the first study that reports the increased susceptibility of chlamydiae to higher concentrations of antimicrobials and justifies the application of the highest tolerable dose. The pharmacodynamics of antichlamydial antibiotics are most often characterized by MICs. They correspond to the drug concentration at the site of infection that is supposed to be exceeded in order to mediate activity. In addition, MIC is a useful tool to monitor the development of resistance. As resistance is not a matter of serious concern in chlamydiae and serum as well as intracellular concentrations of all tested antibiotics exceed MICs, comparison of MICs in the case of chlamydiae is of little value for the comparison of antibiotics. Additionally, MIC determination often neglects the fact that the in vivo treatment is directed against an established infection (17) . Our model of time-killing resembled the in vivo situation more closely. Physiologically relevant doses of drugs were used, and different stages of the cycle were distinguished. Drug interactions like synergism could be easily monitored. The results provided a rationale for improved antimicrobial treatment and gave information on the biology of the pathogen during the cycle. The model did not account for developmental forms resembling persistent infections, as they could be induced in vitro under various conditions (1, 6, 10) . Killing was detected over 3 logarithmic steps; regrowth at lower levels that has been reported in some studied was not monitored (4) .
Chlamydial infections are usually treated with macrolides or tetracyclines. Nevertheless, therapeutic failures and reinfections often occur, resulting in serious sequelae like pelvic inflammatory disease or tubal infertility (7, 8, 12) . Our in vitro study demonstrated the superior activity of rifampin over other often-used antibiotics. In addition, rifampin is well tolerated and cheap. The drawback of rifampin is the fast occurrence of resistance by a point mutation in the rpoB gene (5). Failure due to resistance has been described in C. trachomatis (15) but interestingly not in C. pneumoniae. A combination of rifampin with other drugs has been proven successful in preventing resistance (11) . Macrolides seem to be a good combinational partner as they not only are the second most active antimicrobial class but also show synergistic activity with rifampin. The combination of azithromycin and rifampin was already shown to be effective in an animal model of C. pneumoniae mouse pneumonitis (18) .
In summary, our model of chlamydial time-killing provided further evidence for rifampin as a highly active antichlamydial drug. Clinical studies are needed to demonstrate its clinical effectiveness in therapy-refractory infections.
